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SEMICONDUCTOR DEVICE AND METHOD 
OF MANUFACTURE THEREOF 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This is a continuation of application Ser. No. 09/559,757, 
?led Apr. 27, 2000 now US. Pat. No. 7,303,946, Which is 
incorporated in its entirety herein by reference. This applica 
tion is also based upon and claims the bene?t of priority from 
prior Japanese Patent Applications No. 1 1 -121689, ?led Apr. 
28, 1999; andNo. 2000-122018, ?ledApr. 24, 2000, the entire 
contents of Which are incorporated herein by reference. 

BACKGROUND OF THE INVENTION 

A source/drain region and a gate electrode of a MOS tran 
sistor are electrically insulated from each other by a gate 
insulating ?lm present betWeen the source/drain region and 
the gate electrode. Since the loWer edge of the gate electrode 
is formed into a sharp shape, electric ?elds are concentrated 
on the loWer edge of the gate electrode. The enhancement of 
the electric ?elds causes dielectric failure in insulating 
betWeen the source/drain region and the gate electrode. 

The gate insulating ?lm adjacent to the loWer edge of the 
gate electrode sustains process damage oWing to etching 
Which is performed When the gate electrode is formed or ion 
implantation Which is performed When the source/drain 
region is formed. The deterioration in the insulation resis 
tance is caused by the process damage. The deterioration in 
the insulation resistance results in the dielectric failure to 
becomes more critical. 

The foregoing states also applies to the loWer edge of a 
?oating gate electrode of a ?ash memory cell as Well as the 
loWer edge of the gate electrode of the MOS transistor. That 
is, the foregoing fact usually applies to an insulating gate 
transistor of a type incorporating a gate electrode having a 
sharp edge and disposed opposite to a semiconductor sub 
strate through a gate insulating ?lm. 
As a conventional technique for overcoming the foregoing 

problem of the dielectric failure, a post-oxidation process is 
knoWn. As shoWn in FIG. 10A, the foregoing process has the 
steps of sequentially forming a silicon oxide ?lm 92 and a 
loW-resistance polycrystalline silicon ?lm 93 containing 
dopant on a silicon substrate 91. Then, the polycrystalline 
silicon ?lm 93 is formed into a predetermined pattern, and 
then, as shoWn in FIG. 10B, thermal oxidation is performed in 
an oxygen (O2) atmosphere so that a post oxide ?lm 94 is 
formed. Since the post oxide ?lm 94 is formed, the sharp 
loWer edge of the polycrystalline silicon ?lm 93 can be 
rounded. Thus, the electric ?eld at the loWer edge is moder 
ated. 

Birds beak oxidation occurring When the thermal oxidation 
is performed enlarges the distance betWeen the loWer edge of 
the polycrystalline silicon ?lm 93 and the silicon substrate 91. 
Thus, the electric ?eld at the loWer edge can be Weakened. 
When the distance betWeen the substrate and the loWer edge 
is elongated, the distribution of the electric ?elds is not 
changed. The overall intensity of the electric ?eld is, hoWever, 
Weakened, causing the electric ?eld at the loWer edge to be 
moderated. 

The silicon oxide ?lm 92 present adjacent to the edge of the 
polycrystalline silicon ?lm 93 and Which has sustained the 
process damage is permitted to restore its process damage 
oWing to the post oxidation Which is additional oxidation. 
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2 
Thus, the ?lm quality of the silicon oxide ?lm 92 can be 
improved so that the insulation resistance of the silicon oxide 
?lm 92 is improved. 
The foregoing post oxidation process attains a similar 

effect When an overetching structure as shoWn in FIGS. 11A 
and 11B is subjected to the process. FIGS. 11A and 11B shoW 
a structure that also the silicon oxide ?lm 92 Which is present 
beloW the polycrystalline silicon ?lm 93 Which must be 
removed When the polycrystalline silicon ?lm 93 is patterned. 
Moreover, the surface of the silicon substrate 91 beloW the 
silicon oxide ?lm 92 has been removed. 

As described above, employment of the post oxidation 
process enables a dielectric failure caused from enhancement 
of electric ?elds at the loWer edge of the polycrystalline 
silicon ?lm 93 to be avoided. 

As a conventional method for converting a silicon nitride 
?lm into silicon oxide ?lm, a thermal oxidation method using 
steam or oxygen (O2) gas as an oxidiZer, or a plasma oxida 
tion method using oxygen gas or oZone gas as a source and 
arranged to be performed in a plasma atmosphere is known. 
The foregoing method has the folloWing problems. When 

the thermal oxidation method is employed, a great thermal 
budget is required to be performed at high temperatures for a 
long time. When the surface of a silicon nitride ?lm formed by 
an LPCVD method is formed into silicon oxide ?lm having a 
thickness of 5 nm, great thermal budget must be performed at 
9500 C. for about one hour even When a steam oxidation 
method exhibiting a high oxidation rate is employed. 
When the thermal budget is too great, dopant in the silicon 

substrate encounters thermal diffusion. Thus, the concentra 
tion pro?le of the dopant is undesirably changed. Therefore, 
the thermal oxidation method cannot easily be applied to a 
process for treating small devices. 
When the plasma oxidation method is employed, the body 

Which must be processed is exposed to plasma. Therefore, for 
example, the gate insulating ?lm sustains plasma damage. 
The foregoing plasma damage causes deterioration in the 
reliability of the insulating ?lm and undesirably change in the 
characteristics of the device. 

The conventional techniques and their problems Will noW 
be described. 

FIG. 12A to 12D are cross sectional vieWs shoWing steps of 
a method of forming a small-siZe MOS transistor superior to 
the lithography performance. As shoWn in FIG. 12A, a gate 
insulating ?lm 102, a polycrystalline ?lm 103 Which is 
formed into a gate electrode and a silicon nitride ?lm 104 
Which serves as a mask (a SiN pattern) for use When the 
polycrystalline silicon ?lm 103 is etched are sequentially 
formed on a silicon substrate 101 having a surface into Which 
dopant has been introduced by an ion implantation method. 

Then, as shoWn in FIG. 12B, resist is applied to the overall 
surface to transfer a gate pattern having a minimum Width 
Which can be realiZed by the lithography technique to the 
resist. Thus, a resist pattern 107 (a portion indicated With a 
dashed line) is formed. Then, an oxidation process Which is 
process under a reduced pressure and using radical oxygen is 
performed to reduce the Width of the resist pattern 107. The 
draWing shoWs the resist pattern 105 having the reduced 
Width With a solid line. 

Then, as shoWn in FIG. 12C, the resist pattern 105 is used 
as a mask to etch the silicon nitride ?lm 104 by RIE (Reactive 
Ion Etching) method so that a SiN pattern is formed. Then, the 
resist pattern 105 is removed. 

Then, as shoWn in FIG. 12D, the residual silicon nitride 
?lm (the SiN pattern) 104 is used as a mask to etch the 
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polycrystalline silicon ?lm 103 by the RIE to form a gate 
electrode having a small siZe superior to the performance of 
the lithography. 

Finally, as shoWn in FIG. 12D, the gate electrode (the 
polycrystalline silicon ?lm) 103 is used as a mask to implant 
dopant ions into the surface of the substrate. Then annealing 
is performed to activate the dopant so that a source/drain 
region 106 is formed. Thus, a MOS transistor is manufac 
tured. 

The foregoing conventional method requires the ?lm thick 
ness of the resist Which is applied in the step shoWn in FIG. 
12B to be about 500 nm in a usual case. Therefore, When the 
gate electrode 103 having a Width of, for example, 50 nm is 
formed, the aspect ratio of the resist pattern 1 05 is undesirably 
raised to 10. 

Therefore, the shape of the resist pattern 105 easily dis 
perses. As a result, there arises a problem in that the shape of 
the gate electrode 103 dispersed. Another problem arises in 
that the resist pattern 105 falls. 
As an alternative to reduction in the Width of the resist 

pattern 105, a technique is knoWn With Which the Width of the 
SiN pattern ?lm 104 is reduced. That is, the conventional 
method has the arrangement that the SiN pattern 104 having 
the minimum Width Which can be realiZed by the lithography 
technique is formed, and then the oxidation process is per 
formed to reduce the SiN pattern 104. 

HoWever, the Width of the SiN pattern 104 cannot easily be 
reduced to a required Width. When the steam oxidation 
method exhibiting a high oxidation rate is employed, thermal 
budget at 950° C. for one or more hours must be performed to 
reduce the Width of the SiN pattern 104 by 10 nm. When the 
foregoing high-temperature and long oxidation process is 
performed, there arises a problem in that the concentration 
pro?le of the dopant in the silicon substrate 101 is consider 
ably changed. 

BRIEF SUMMARY OF THE INVENTION 

An object of the present invention is to provide a semicon 
ductor device Which is capable of preventing dielectric failure 
from occurring at the edge of a conductive ?lm of a structure 
in Which the conductive ?lm including silicon patterned on an 
insulating ?lm containing silicon and nitrogen is formed and 
a manufacturing method therefor. 
A semiconductor device according to the present invention 

comprises: a semiconductor substrate having a main plane 
Which has a ?rst region and a second region having the surface 
Which is loWer than the surface of the ?rst region such that the 
?rst region and the second region are connected to each other; 
a ?rst insulating ?lm formed on the ?rst region and containing 
silicon, nitrogen and oxygen; a conductive ?lm formed on the 
?rst insulating ?lm and containing silicon; and a second insu 
lating ?lm formed on the second region, containing silicon 
and oxygen and arranged to be in contact With the conductive 
?lm and the ?rst insulating ?lm. 
A method of manufacturing a semiconductor device 

according to the present invention comprises the steps of: 
forming an insulating ?lm containing silicon and nitrogen on 
a semiconductor substrate; forming a ?lm Which must be 
processed and Which contains silicon on the insulating ?lm; 
processing the ?lm Which must be processed to cause a por 
tion of the insulating ?lm to expose to the outside; and sub 
jecting a semiconductor structure obtained oWing to the steps 
to an oxidation process using an oxidiZing gas containing 
either of oZone or oxygen radicals. 
A method of manufacturing a semiconductor device 

according to the present invention comprises the steps of: 
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4 
forming an insulating ?lm containing silicon and nitrogen on 
a semiconductor substrate; forming a ?lm Which must be 
processed and Which contains silicon on the insulating ?lm; 
processing the ?lm Which must be processed to cause a por 
tion of the insulating ?lm to expose to the outside; subjecting 
a semiconductor structure obtained oWing to the steps to an 
oxidation process using an oxidiZing gas containing either of 
oZone or oxygen radicals; and subjecting the semiconductor 
structure subjected to the oxidation process to at least either of 
a nitridation process or an additional oxidation process. 
The inventors of the present invention has found a fact as a 

result of studies. That is, When an insulating ?lm containing 
nitrogen and silicon is oxidiZed in an atmosphere containing 
oZone or oxygen radicals, oxidation proceeds While desorp 
tion of nitrogen in the insulating ?lm is being performed. 
Thus, the thickness is enlarged. 

FIGS. 13 and 14 shoW an example of results of experi 
ments. Samples for use in the experiments Were manufac 
tured as folloWs. A thermal oxide ?lm (a silicon oxide ?lm) 
having a thickness of 7 nm Was formed on a silicon Wafer. 
Then, the thermal oxide ?lm Was nitrided in 9500 C. ammonia 
atmosphere to form an insulating (a silicon oxinitride ?lm) 
having the thermal oxide ?lm into Which nitrogen has been 
introduced. 

Then, the foregoing sample Was used to perform tWo types 
of oxidation experiments. One of the experiments Was per 
formed such that the sample Was introduced into a vertical 
batch oxidiZing furnace. Then, oxygen gas Was introduced 
into the vertical batch oxidiZing furnace to subject the sample 
to an oxidation process. The oxidation process Was performed 
at 9000 C. for 30 minutes under 13 kPa. Another experiment 
Was performed such that the sample Was introduced into the 
vertical batch oxidiZing furnace. Then, mixed gas of oZone 
and oxygen (oZone Was 5%) Was introduced into the vertical 
batch oxidiZing fumace so as to subject the sample to the 
oxidation process. The oxidation process Was performed at 
9000 C., for 30 minutes under 130 Pa. 
The samples subjected to the foregoing oxidation pro 

cesses Were examined such that the concentration pro?le of 
nitrogen and that of oxygen in the silicon oxinitride ?lm Were 
SIMS-analyZed (the SIMS analysis Was performed after the 
oxidation process has been performed and a polycrystalline 
silicon ?lm having a thickness of 10 nm Was formed on the 

silicon oxinitride). 
FIG. 13 shoWs results of SIMS analysis realiZed When 

oxygen gas Was used to perform the oxidation process. FIG. 
14 shoWs results of SIMS analysis realiZed When the mixed 
gas of oZone and oxygen Was used to perform the oxidation 
process. 
As can be understood from the draWings, the oxidation 

process using oZone permits nitrogen in the surface of the 
silicon oxinitride ?lm to easily be desorbed as compared With 
the oxidation process Which does not use oZone. Thus, the 
thickness of the silicon oxinitride ?lm can considerably be 
enlarged oWing to proceeding of the oxidation. 
When nitrous oxide (N20) or nitrogen monoxide (N O) is 

used to introduce nitrogen into the silicon oxide ?lm instead 
of ammonia, the concentration of nitro gen in the silicon oxide 
?lm is raised at the interface With the silicon substrate. Also in 
the foregoing case, oxidation in an atmosphere containing 
oZone results in considerable reduction in the concentration 
of nitrogen in the silicon oxinitride ?lm adjacent to the sub 
strate. Thus, the thickness can considerably be enlarged 
oWing to proceeding of the oxidation. 
Even When the sample incorporating silicon Wafer having 

a surface on Which silicon nitride ?lm is formed instead of the 
silicon oxinitride ?lm, oxidation in the atmosphere contain 
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ing ozone results in considerable desorption of nitrogen in the 
surface portion of the silicon nitride ?lm. As a result, oxida 
tion processes in the surface of the silicon nitride ?lm pro 
ceed. Thus, the surface of the silicon nitride ?lm is converted 
into silicon oxide ?lm. 
As a results of the experiments, the nitrogen desorption 

phenomenon in the silicon oxinitride ?lm occurs in the fore 
going oxidation method When the ratio [N]/([O]+[N]) of 
nitrogen in the ?lm is higher than 0% and not higher than 
100%. 
The foregoing phenomenon as Well as occurs When oxida 

tion is performed in an atmosphere containing oxygen radi 
cals. 

The oxygen radicals may be generated in an oxidiZing 
furnace similarly to the plasma oxidiZing method or gener 
ated on the outside of the oxidiZing fumace similarly to a 
remote plasma oxidiZing method so as to be introduced into 
the oxidiZing furnace. Alternatively, the oxygen radicals may 
be generated on the surface of the sample. Oxygen radicals 
are generated on the surface of the sample by a method With 
Which oxygen gas and hydrogen gas are introduced into the 
oxidiZing fumace. Then, the surface of the sample is heated to 
dessociate the oxygen gas at the surface of the sample to 
generate the oxygen radicals. 

It has been reported that main species in the oZone oxidiZ 
ing process are oxygen radicals generated due to desociation 
of oZone. Therefore, the similar phenomenon occurs With 
oZone oxidation and oxidation With oxygen radicals. 

Therefore, When oxidation is performed in the atmosphere 
containing oZone or oxygen radicals having the above-men 
tioned effect as the present invention, oxidation suf?ciently 
proceeds at the edge of the conductive ?lm in the structure 
having the conductive ?lm containing patterned silicon and 
formed on the insulating ?lm containing silicon and nitrogen. 
As a result, the round shape Which is effective to moderate the 
electric ?eld can be formed. As a result, dielectric failure can 
effectively be prevented. 

Oxidation proceeds quickly in the surface (the second 
region) of the substrate beloW the portion of the insulating 
?lm Which is not covered With the conductive ?lm as com 
pared With the surface (the ?rst region) of the surface beloW a 
portion of the insulating ?lm covered With the conductive 
?lm. Therefore, the second region is loWered as compared 
With the ?rst region. 

Another object of the present invention is to provide a 
method of manufacturing a semiconductor device Which is 
capable of forming a pattern composed of a silicon nitride 
?lm superior to the performance of the lithography such that 
only a small thermal budget is required and free from any 
plasma damage. 

To achieve the foregoing object, a method of manufactur 
ing a semiconductor device according to the present invention 
comprises the steps of: forming an insulating ?lm containing 
a silicon nitride ?lm on a ?lm including a silicon ?lm and 
arranged to be processed; processing the insulating ?lm by 
using lithography and etching to form a pattern composed of 
the insulating ?lm; subjecting the pattern in an atmosphere 
containing either of oxygen radicals or oZone to convert the 
exposed surface of the silicon nitride ?lm into a silicon oxide 
?lm; ?ning the pattern by removing the silicon oxide ?lm; and 
processing the ?lm arranged to be processed by transferring 
the ?ned pattern to the ?lm arranged to be processed. 
As a result of study performed by the inventors of the 

present invention, a process of oxidiZing the silicon nitride 
?lm in the atmosphere containing oxygen radicals or oZone 
enables the surface of the silicon nitride ?lm to easily be 
converted into the silicon oxide ?lm at a temperature of 850° 
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6 
C. or loWer. When the conditions are adjusted, the conversion 
can be realiZed at 800° C. or loWer. 

FIGS. 17 and 18 shoW examples of results of experiments 
FIGS. 17 and 18 shoW microscopic photographs of a semi 

conductor structures including the silicon nitride ?lm oxi 
diZed by the oxidiZing method using dry oxygen (O2) as the 
oxidiZing species and oZone (O3) as the oxidiZing species. 
The semiconductor structure Was formed as folloWs. That 

is, the silicon nitride ?lm and a TEOS oxide ?lm are sequen 
tially formed on the silicon substrate. Then, the TEOS oxide 
?lm, the silicon nitride ?lm and the silicon substrate Were 
etched to form projections. Then, phosphoric acid Was used to 
?ne the TEOS oxide ?lm and the silicon nitride ?lm so that the 
semiconductor structure Was formed. In the draWing, the 
projections of the silicon substrate, the silicon nitride ?lm and 
the TEOS oxide ?lm are formed upWards. 
The oxidation method using dry oxygen (10%) as the oxi 

diZing species Was performed such that the oxidiZing tem 
perature Was 1000° C. and the oxidiZing duration Was 69 
minutes. In the foregoing case, the thickness of the silicon 
oxide ?lm formed on the surface of the silicon substrate Was 
15 nm. The oxidiZing method using oZone (partial pressure 
Was 133.322 Pa:1 Torr) as the oxidiZing species Was per 
formed such that the oxidiZing temperature was 8500 C. and 
the oxidiZing duration Was 240 minutes. In the foregoing 
case, the thickness of the silicon oxide ?lm formed on the 
surface of the silicon substrate Was 11 nm. 
As can be understood from FIGS. 17 and 18, the oxidiZing 

method using dry oxygen cannot convert the surface layer of 
the silicon nitride ?lm into the silicon oxide ?lm. The oxidiZ 
ing method using oZone can convert the surface layer of the 
silicon nitride ?lm into the silicon oxide ?lm. Also in a case 
Where oxygen radicals are employed instead of the oZone, a 
similar result Was obtained. 

Therefore, the present invention using the oxidiZing atmo 
sphere containing oZone or oxygen radicals can convert the 
surface of the silicon nitride ?lm into the silicon oxide ?lm 
such that only a small thermal budget is required and any 
plasma damage does not occur. Therefore, When the silicon 
oxide ?lm is removed, a pattern (a SiN pattern) composed of 
the silicon nitride ?lm exceeding the performance of the 
lithography can be formed. 
When the SiN pattern is employed as the etching mask for 

the polycrystalline silicon ?lm, the etching rate of the SiN 
pattern can suf?ciently be loWered as that for the polycrys 
talline silicon ?lm. Therefore, only a small thickness is 
required for the SiN pattern. As a result, dispersion of the 
shape of the SiN pattern can suf?ciently be reduced. 

Additional objects and advantages of the invention Will be 
set forth in the description Which folloWs, and in part Will be 
obvious from the description, or may be learned by practice of 
the invention. The objects and advantages of the invention 
may be realiZed and obtained by means of the instrumentali 
ties and combinations particularly pointed out hereinafter. 

BRIEF DESCRIPTION OF THE SEVERAL 
VIEWS OF THE DRAWING 

FIGS. 1A to IE are cross sectional vieWs shoWing steps of 
a method of manufacturing a MOS transistor according to a 
?rst embodiment of the present invention; 

FIGS. 2A to 2D are enlarged vieWs shoWing a portion 
adjacent to the loWer edge of a gate electrode of the MOS 
transistor; 

FIGS. 3A to 3E are cross sectional vieWs shoWing steps of 
a method of manufacturing a ?ash memory cell according to 
a second embodiment of the present invention; 






















